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muscle functional plasticity (23, 57, 71) , work performance (16, 23, 32, 56, 60, 66) , and metabolic health (3, 35, 59) . In humans, improved muscle performance following postexercise protein or amino acid ingestion was associated with increased myofibrillar protein fractional synthesis rate (FSR) in the first 3-4 h postexercise (11, 24) and evidence for reduced muscle damage 24 -48 h later (lower blood creatine kinase) (42, 56, 60, 66) . Myofibrillar protein turnover may be an important component of muscle plasticity to exercise (23) . Together, these data provide some mechanistic insight, but the larger picture of the molecular and cellular processes linking protein/ amino acid feeding to muscle recovery and functional plasticity requires 'omic-scale investigation.
In the seminal analysis of the skeletal muscle transcriptome exposed to postexercise milk protein feeding, we revealed that amino acids attenuated gene expression associated with transcriptional regulation and posttranslational processing activity but overrepresented gene expression changes associated with myofibril remodeling, tissue growth and development, and cellular immunity and defense (57) . The latter response was further characterized by differential expression of macrophagemediated chemokine and cytokine responses, dendritic cell activity, and the complement cascade (57) , all of which are involved in attraction and activation of phagocytes at the site of injury (20) . Others have shown that endurance exercise alone activates transcriptional responses that contribute to cell stress management, inflammatory processes, recuperation of cellular homeostasis, and promotion of myogenic regulation (27, 31, 33, 43, 70) . Early regulatory interactions between muscle and leukocytes appear important in promoting successful repair and recuperation of traumatized muscle cells (36, 44, 53, (63) (64) (65) 67) . Together these data associate several amino acid-modulated transcriptome patterns with normal processes of muscle recuperation and plasticity accompanying the inflammatory response to intense endurance exercise.
In addition to identification of mechanisms, empirical data to guide an effective postexercise protein-leucine dose is required to improve translational assimilation. Recently, we reported that the high dose of ingested protein-leucine (70 g protein and 15 g free leucine) was sufficient to stimulate myofibrillar FSR near maximally as inferred from a bioequivalent FSR with one-third the dose (55) . However, signaling pathway activity associated with cellular growth and autophagy homeostasis [mammalian target of rapamycin I (mTORC1)] was dose sensitive, suggesting other downstream regulated cellular or biochemical processes may be differentially regulated by higher protein-leucine doses and consequently implicated in muscle recuperation processes.
The objective of the present study, therefore, was to determine the primary global molecular systems regulated by protein-leucine ingested dose during the first hours following intense endurance exercise. From collected human muscle biopsies postexercise, we utilized gene microarray and transcriptome interrogation to study our hypotheses that increasing protein-leucine dose would result in a stepwise relative overrepresentation of the acute gene ontology associated with modulating the cellular stress response, inflammation, and myofibrillar plasticity (57) . Second, we used batch correlation analysis to determine the blood amino acid changes most associated with the statistically discovered transcriptome. Our results provide new insight into the molecular program modulated by amino acids associated with skeletal muscle recuperation from endurance exercise.
METHODS

Participants
Twelve endurance-trained male cyclists with mean (standard deviation) age 30 yr (7), stature 179 cm (5) , and weight 78.1 kg (7.8) completed the study. Mean maximal oxygen consumption (V O2 max) was 60.4 ml·kg Ϫ1 ·min Ϫ1 (6.2) with a corresponding peak power (Wmax) of 323 W (32) . The Central Regional Ethics Committee of New Zealand approved the research. All participants provided written informed consent before joining the study.
Experimental Design
The research design has been described in full elsewhere (55) . Briefly, the design was a randomized single-blind triple crossover. Following preliminary tests to determine V O2 max and Wmax (42) , participants completed a familiarization trial of the 100 min loading cycle exercise. Subsequently, physical activity and diet were standardized for 4.5 days prior to a 2-day period of full dietary control preceding each experimental testing day. A 90 min controlled ride 48 h prior to the experimental day (55) was followed by a rest day.
On the experimental day, participants arrived at ϳ1500 and completed a 100 min cycle that included high-intensity intervals (70 -90% Wmax) and fluid ingestion (55) . Following exercise, participants ingested the intervention-supplement servings at 0, 30, 60, and 90 min. Muscle biopsies were collected from the vastus lateralis at 30 and 240 min, according to the method of Fu et al. (21) , and blood samples at 0, 15, 30, 60, 90, 120, 180, and 240 min into recovery. Blood was processed as described previously for measurement of amino acid concentrations (41) .
Experimental Beverages
The experimental beverages consisted of milk-based drinks containing milk proteins, L-leucine, maltodextrin, and fructose (1:1 wt/ wt), freeze-dried canola oil, salt, and flavorings (55) . Total 90 min intake of whey protein, leucine, carbohydrate, and fat with the higher dose of protein-leucine (15LEU) was based on the quantity shown recently to enhance subsequent endurance performance (66) and comprised, respectively, 70/15/180/30 g. The 15LEU supplement was compared with 1) one-third of the protein-leucine quantity (23.3/5/ 180/30 g, 5LEU), which yielded a bioequivalent myofibrillar FSR (55) , and 2) a nonnitrogenous, isocaloric control (0/0/274/30 g, CON). The rationale for added leucine was based first on the dogma that maximizing the leucine amino acid stimulus for postexercise muscle protein synthesis was critical for optimizing skeletal muscle recuperation (15, 23) , and second, to lower the total nitrogen load and risk of desensitization of amino acid-induced mechanisms regulating protein turnover (8) . Any transcriptome response relating to 15LEU-5LEU energy or nitrogenous byproduct concentration differences were not measured and were assumed to be negligible.
Analyses
RNA extraction, labeled-cRNA synthesis, hybridization, and selection. Muscle tissue for gene microarray analysis was disrupted and homogenized in lysis buffer using FastPrep instrument and lysing tubes containing ceramic beads (MP Biomedicals, Irvine, CA). Total RNA was extracted and purified by RNAdvance tissue kit (Agencourt, Beckman Coulter Genomics, Danvers, MA) and quality checked (Bioanalyzer 2100, Santa Clara, CA; RNA integrity Ն8). All cRNA targets were synthesized, labeled, and purified via automated procedure (48) .
Illumina microarray. Target preparation and hybridization were performed as described previously (51) . All samples were analyzed with HumanHT-12 v3.0 Expression BeadChips (Illumina, San Diego, CA), which comprised probes to interrogate 48,774 transcripts. Scanning was performed using the Illumina HiScan Array Scanner and signal intensity quantified in Genome Studio (Illumina). The microarray output was deposited online (http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?accϭGSE44818). Normalization, transformation, and statistical analysis were conducted as described previously (57) . A null hypothesis-based gene selection criteria was derived from the global error assessment (GEA) standardization procedure, with an adjusted P value of Ͻ0.001 used for probe selection for bioinformatic interrogation (57) . Expression magnitude was defined by fold change and the modified standardized difference (effect size) (57) . The analysis returned sufficient power to detect a large standardized difference of 1.3 (see Data Supplement 1).
1 Gene selections were interrogated within Ingenuity Pathway Analysis software (IPA, Spring Release 2012, http://www.ingenuity.com).
Bioinformatics. Gene selections were loaded into IPA software bioinformatics interrogation. The IPA core analysis criteria comprised Ingenuity Expert Information only, which are associations supported by literature. We filtered by selecting species human and tissue skeletal muscle. We examined IPA gene networks, molecular functions, and upstream regulator outcomes and selected the top ranked outcomes by overrepresented expression (expressed as a P value) and directional Z-score for the network, function, or regulator outcome (the Z-score is the number of standard deviations network genes have shifted in a functional direction from the null). A Z-score of Ͼ2.0 was considered suggestive of a clearly increased or decreased network, function, or regulator outcome.
Additional and confirmatory bioinformatic inference was generated from the Database for Annotation, Visualization and Integrated Discovery (DAVID, v6.7, http://david.abcc.ncifcrf.gov/), which highlights enriched biological themes and functionally related gene groups. The same gene selections were uploaded to DAVID and processed (25) .
Confirmatory gene expression. The NanoString nCounter gene expression assay (Nanostring Technologies, Seattle, WA) was used to confirm the magnitude of top-ranked network differential gene expression (Ͼ1.3-fold, ROBP Ͻ 0.001) estimated by microarray. Briefly, 750 ng of RNA in 5 l was hybridized at 65°C overnight with the Nanostring Codeset followed by expression quantification. Background correction was by the geNorm method (75) .
Amino acid vs. gene expression relationship. The relationship between the plasma amino acid concentration and IPA gene network analysis was determined via batch correlation. Amino acid concentrations were determined as described previously (41) . The amino acids HIS, CYS, NOR were excluded from the correlation analysis due to insufficient analytical resolution or missing data points. The amino acid concentration at 30 min into recovery was the average of the 15 and 30 min samples. The area under the curve for 60 -240 min recovery was used for the gene expression correlation at 240 min. Genes selected were the same as used for the IPA analysis. We selected correlations without positive or negative lower 95% confidence interval overlap with the smallest Cohen effect size for correlation of 0.1 for subsequent bioinformatics analysis in DAVID, where annotation clusters with Expression Analysis Systematic Explorer (EASE) scores Ͼ1.0 were reported.
RESULTS
Nutrient-responsive Transcriptome and Microarray Validation
Relative to CON, 5LEU and 15LEU ingestion differentially affected 173 and 479 genes, respectively. The gene-set selection and gene abbreviations are in Data Supplement 1. The correlation between the gene expression intensity from the Illumina arrays and Nanostring nCounter was r ϭ 0.94.
Molecular Functions and Networks
The IPA gene network and functions analysis provided a biological function analysis of the interrogated transcriptome. The two primary gene functional categories inferred from analysis of the protein-leucine contrasts were immune cell trafficking and skeletal muscle growth and development (Data Supplement 2). When sorted by differential gene expression magnitude, the most resounding representative gene functions at 30 min involved upregulated immune cell trafficking with the 15LEU-5LEU contrast (Data Supplements 2 and 3). Accordingly, the top dose-response network was IL-1I centered and connected leukocyte migration and differentiation, connective tissue adhesion and remodeling factors, and genes involved in macrophage activation and adhesion (cluster of differentiation factors CD86, CD44, CD163, CD14, CD68) (Fig. 1C) . The top 15LEU-5LEU network also identified muscle cell differentiation and growth regulatory networks that included: IGF1 and binding protein 3 (IGFBP3), transforming growth factor-beta 1 (TGFB1) and receptor 2 (TGFBR2), extracellular matrix (ECM) function, remodeling, adhesion genes [e.g., decorin, (DCN), biglycan (BGN), versican (VCAN), tenascin C (TNC), lumican (LUM), connective tissue growth factor (CTGF)]. Exploration of additional overrepresented inflammatory and leukocyte trafficking functions revealed expression consistent with a stimulatory impulse for migration, infiltration, adhesion and activation of monocytes, neutrophils, and macrophages (Data Supplement 4).
The 30 min postexercise sample represents the transcriptome responding to a single feed unit (5LEU 6 g protein, 1.25 g leucine; 15LEU 17.5 g protein, 3.75 g leucine). 15LEU-CON regulated cytostasis, whereas both 15LEU and 5LEU-CON upregulated processes involved in skeletal muscle tissue growth, organization, function, and development (Data Supplement 2). Network analysis revealed activation of gene regulation consistent with myogenic or satellite cell activation [myocyte differentiation factor 1 (MYOD1)], cell cycle control consistent with cell cycle arrest, and increased cell stability via cyclin-dependent kinase (CDKN1A-p21), growth arrest and DNA-damage-inducible alpha (GADD45A), and dual-specificity phosphatase (DUSP1) (Fig. 1, A and B) . Downstream of MYOD1 were upregulated cytoskeletal and muscle contractile genes ACTC1 (actin cardiac muscle 1) and MYBPH (myosin binding protein H), MYL4 (myosin light chain 4), and downregulated MYH1 (myosin 1) (Fig. 1, A and B) .
In contrast, by 240 min both 15LEU and 5LEU doses regulated gene expression consistent with decreased leukocyte trafficking and inflammatory processes, increased reactive oxygen species (ROS) production, decreased cell viability, while increasing immune and muscle cell apoptosis (Data Supplements 2 and 4). The top-ranked protein leucine-modulated networks displayed a biphasic anti-inflammatory molecular program centered on IL-6 ( Fig. 2, A and B) . Downregulated cell cycle activity supported progression through apoptosis and cell differentiation (e.g., GADD45 family genes GADD45A/ B/G, CDKN1A-p21; myelocytomatosis viral oncogene homolog, MYC). Metabolic gene expression involving increased metabolism of lipids and nucleic acid components, and steroidogenesis was also consistent with cell differentiation (Data Supplement 3).
The top-ranked DAVID functions (by cluster enrichment EASE score) provided bioinformatic validation of the IPA interrogation representing an inflammatory myogenic transcriptome (Table 1) . 5LEU relative to CON overrepresented skeletal muscle contractile protein components and ECM functions at 30 min, extended to 240 min where leukocyte migration was also increased. The 15LEU-CON gene clusters were overrepresented by proteinaceous ECM and cell adhesion functions, which was also reflected in the protein-leucine dose (15LEU-5LEU) in contrast with the addition of the inflammatory response (cell movement, scavenger receptor activity). By 240 min, the higher dose contrasts of protein-leucine generally overrepresented gene clusters involved in muscle contraction and function, blood vessel development, gene expression, and protein synthesis and turnover.
Upstream Regulators
The upstream regulator analysis draws from the interrogated transcriptome and the Ingenuity knowledge database to predict the directional activation status of DNA binding proteins, kinases, cytokines, and other transcription regulatory factors and, for the current analysis, is shown in Table 2 . To summarize, at 30 min 15LEU relative 5LEU dose activated the proinflammatory cytokines IL-1n, osteopontin (SPP1), chemokine C-C motif ligand 5 (CCL5), cell cycle arrest and growth regulators (CEBPA/B, EGF), nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha (NFK/ BIA), and components of the mothers against decapentaplegic homolog (SMAD) signaling pathway; these regulatory effects were consistent with the transitory early phase inflammatory response revealed from the functions and network analyses.
By 240 min, relative inhibition of the IL-6-and IL-1B-associated inflammatory responses was observed in the 5LEU and 15LEU vs. CON contrasts ( Table 2) . At 30 min, the analysis predicted inhibition of the cell growth regulators MYC, JUN, and tumor protein 63 (TP63) with 15LEU-CON, and MYC with 15LEU-5LEU at 30 min, but activation by 240 min. Furthermore, RORA was predicted activated, and the SMAD (TGF-␤1/myostatin signaling) signaling pathway inhibited, NF-/B-transcription factor p65 (RELA), and signaltransducer and activator of transcription 3 (STAT3) at 240 min with protein-leucine feeding. Together, this data suggests re- PROTEIN-LEUCINE FED SKELETAL MUSCLE TRANSCRIPTOME duced cell proliferation, organization of energy metabolism networks, and increased myocellular growth and differentiation (37, 72) .
Global Plasma Amino Acid vs. Transcriptome Relationship
The effect of protein-leucine ingestion on plasma amino concentration is show in Fig. 3 . Several plasma amino acid concentrations increased (P Ͻ 0.001) relative to CON with either 15LEU or 5LEU dose contrasts between 0 -30 min postexercise: Arg, Ile, Leu, Lys, Phe, Pro, Ser, Thr, Tyr, Val. Between 30 and 240 min Arg, Ile, Leu, Lys, Met, Phe, Thr, Tyr, Val increased in one or more contrast (P Ͻ 0.001, full analysis not show for brevity).
Accordingly, the largest gene correlations were with the dose-affected amino acids (see ALL CORRELATIONS worksheets in Data Supplements 5 and 6). The bioinformatic analysis resolved proteinaceous ECM, cell adhesion, extracellular signaling, and cell migration as the most common amino acid-regulated functions at 30 min; plasma Lys was the top correlated amino acid, followed by Arg, Tyr, Tau, Glu, and Asn. Leucine, Glu, Gly, Ile, Lys, Met, Tyr correlated with the inflammatory response, while Glu, Lys, and Met were correlated with muscle contractile protein transcriptome (Fig. 4 , see DAVID_All aminoacid summary worksheet in Data Supplement 5). By 240 min, the highest EASE scoring clusters comprised cell and tissue functions representing muscle contraction and tissue growth and development, metabolic regulation, endoplasmic reticulum, and cytoskeletal functions; the correlated amino acids were Glu, Ile, Asp, Leu, Lys, Arg, and Gly (Fig. 4, Data Supplement 6 ).
DISCUSSION
The primary novel outcome of the current study was that protein-leucine feeding following intense endurance exercise in trained men, regardless of dose, regulated a biphasic The upstream regulator analysis draws from the interrogated transcriptome and the Ingenuity curated knowledge database to predict the directional activation status of regulatory transcription factors, kinases, cytokines and other factors. The activation status of the upstream regulator is predicted from the Z-score, which is the mean effect of all known downstream transcriptome response associations derived from the Ingenuity Pathway Analysis database that are affected by the upstream regulator. Positive regulation Z-scores represent predicted activation, while negative regulation Z-scores represent predicted inhibition. Regulators with a Z-score Ͼ2.0 are included. Abbreviations. AGER, advanced glycosylation end product-specific receptor; BDNF, brain derived neurotrophic factor; C3, Y-chromosome DNA haplogroup; CCL5, chemokine (C-C motif) ligand 5; CD38, cluster of differentiation 38; CEBPA, CCAAT/enhancer-binding protein alpha; CEBPB, CCAAT/enhancer binding protein, beta; CHUK, conserved helix-loop-helix ubiquitous kinase; CREB1, CAMP responsive element binding protein 1; CREM, CAMP responsive element modulator; CTNNB1, beta-catenin; DMD, dystrophin; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; EGR1, early growth response 1; ERBB2, epidermal growth factor receptor 2; F2, coagulation factor 2 (thrombin); F2R, coagulation factor 2 receptor; FBN1, fibrillin 1; FGF2, fibroblast growth factor 2 (basic); FN1, fibronectin 1; FOXO1, forkhead box O1; HTT, huntingtin gene; IKBKB, inhibitor of kappa polypeptide gene enhancer in B-cells, kinase beta; IKBKG, inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase gamma; IL1B, interleukin-1 beta (catabolin); IL6, interleukin 6; KITLG, tyrosine kinase receptor ligand; MAP2K1, mitogen-activated protein kinase kinase 1; MTPN, myotrophin; MYC, myelocytomatosis viral oncogene homolog; MYD88, myeloid differentiation primary response gene 88; MYOD1, myogenic differentiation 1; NCOR1, nuclear receptor co-repressor 1; NFKB1, nuclear factor of kappa light polypeptide gene enhancer in B-cells 1; NFKBIA, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; NR3C2, mineralocorticoid receptor subfamily 3, group C; PDGFB, platelet-derived growth factor beta polypeptide; PRKCA, protein kinase C alpha; PRKCE, protein kinase C epsilon type; PTGS2, prostaglandin-endoperoxide synthase 2; PTK2, protein tyrosine kinase 2; RAC1, Ras-related C3 botulinum toxin substrate 1; RELA, V-rel reticuloendotheliosis viral oncogene homolog A; SMAD1, mothers against decapentaplegic homolog 1; SMAD3, mothers against decapentaplegic homolog 3; SMAD4, mothers against decapentaplegic homolog 4; SMAD7, mothers against decapentaplegic homolog 7; SPI1, spleen focus forming virus (SFFV) proviral integration oncogene; SPP1, secreted phosphoprotein 1 (osteopontin); SRF, serum response factor; STAT3, signal transducer and activator of transcription 3; TGFB3, transforming growth factor beta-3; TLR9, toll-like receptor 9; EDN1, endothelin 1; TNF, tumor necrosis factor family; TP53, tumor-suppressor protein 53; VEGFA, vascular endothelial growth factor A.
inflammatory myogenic transcriptome, which is summarized in Fig. 5 .
In general, both doses of protein-leucine activated immunomyogenic gene expression; however, the acute-phase (first 30 min) proinflammatory transcriptome expression was enhanced with the higher dose. The network and functions analysis implicated elevated blood amino acids in transitory proinflammatory leukocyte trafficking, ECM adhesion and remodeling, cytostasis, and initiation of promyogenic processes. These processes are consistent with molecular and cellular processes involved in skeletal muscle stability and homeostatic restoration following intensive endurance exercise stress, and initiation of muscle regeneration and plasticity to injury and normal contraction (53, 54, 67, 68) .
The classical inflammatory response of skeletal muscle tissue to trauma involves increased migration, accumulation, and activation of neutrophils and macrophages to the site of injury (43, 53, 64, 65) . This trafficking response is associated with remodeling to assist in infiltration of myogenic, myeloid, vascular, and fibroblast cells to site of repair (12, 13, 54) . The inflammatory response also may involve satellite cell activation, proliferation, and differentiation for new fiber generation (58, 69) . Therefore, the present dataset suggests postexercise protein-leucine feeding accentuated a transcriptome program common to the normal inflammatory processes following intense contractions of the skeletal muscle (43) , and that this response was, at least acutely, more prevalent with the higher dose of protein and leucine ingested.
Inflammatory Networks
The response of the leukocyte trafficking transcriptome is consistent with phagocyte migration, which suggests postexercise protein-leucine feeding may affect myloid cell associated destruction and debris removal (12) . Indeed, plasma Leu concentration clearly correlated (r ϭ 0.39, 95% CL Ϯ 0.29) with increased expression of the proinflammatory macrophage activity marker cytokine IL-1B, while another five amino acids correlated IL-1B with immunity and defense gene functions (Fig. 4) .
Immune cells, such as macrophages are present in human skeletal muscle, and their numbers increase within the first few hours following exercise (49) and muscle injury (58) . We found transcriptome evidence for protein leucine-mediated trafficking of phagocytes and cell death, which are early components of the muscle wound-healing response and regeneration (67) . Increased macrophage infiltration was further supported in the 15LEU-5LEU contrast by presentation of IL-1B hub networks and increased CD68 expression; CD68 is a glycoprotein involved in phagocytosis and cytokine release (80) . The binding of modified low-density lipoproteins to CD68 activates phagocytosis and muscle cell lysis by M1 macrophages (45) . Activation of phagocytosis and cell death, coupled with other evidence in trained human skeletal muscle for an activated proteolytic transcriptome (57) and new protein synthesis (11, 24, 55) , suggests higher protein turnover and remodeling in recovering healthy human trained skeletal muscle in response to protein-leucine feeding.
One processes likely involved in the propagation of the inflammatory response in skeletal muscle, at least in vitro, is the release of ROS, including nitric oxide, from macrophages and neutrophils (45, 76) . A transcriptome responding to increased production of ROS was observed when 15LEU-5LEU were contrasted at 240 min, although the response was not observed in 15LEU-CON. Increased nitric oxide may promote greater leukocyte adhesion (28), another step in the regeneration response (67) . For example, increased neutrophil invasion and myeloperoxidase release may have induced cell membrane damage and oxidation of low-density lipoproteins (LDL) (80) .
Regenerative processes in skeletal muscle involve increased nonphagocytic type M2 macrophage activity, the presence of which was indicated by CD163 expression. The functional CD163 protein is an M2c macrophage-specific receptor for complexes of hemoglobin and haptaglobin (67) . Internalization and breakdown of the ligated complex in leukocytes can contribute to lowering extracellular hemoglobin and associated free radical production and cellular damage, while also promoting an anti-inflammatory and growth-related cytokine release (2, 39) inferred from the 240 min transcriptome. Increased CD14 expression [another marker of monocyte infiltration (34)], a toll receptor complex component, and activation of toll receptor 9 (TLR9) and NF-B-associated transcriptomes may account for the observed cytokine gene expression (CC 
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PROTEIN-LEUCINE FED SKELETAL MUSCLE TRANSCRIPTOME and CXC chemokines) and the inflammatory transcriptome, based on findings in murine myoblasts (9) . Coupled with increased cytokine production, the transmigration and activation of neutrophils and macrophages regulated by feeding in the first few hours postexercise may be one of several important regulatory processes in normal muscle recovery from intense exercise (26, 49, 51) . In an attempt to show evidence of leukocyte infiltration, we used immunohistochemistry to successfully locate macrophages, T cells, and neutrophils within the current skeletal muscle. Unfortunately, an artefact of the freezing process precluded reliable quantification. Future work should confirm regulation of leukocyte trafficking and myloid cell processes by amino acids within recovering skeletal muscle.
Transitory Cytostasis
Both doses of protein-leucine (relative to CON but no dose effect) regulated networks with hubs including CDKN1A (p21), MYC, and GADD45A at 30 min that were consistent with direct or secondary amino acid regulation of cytostasis (Fig. 1, A and B) . GADD45A responds to cell stress and regulates anabolic signaling and energy homeostasis (19) . P21 induces cell cycle arrest (30) and suppresses proliferation of multiple cell types in the skeletal muscle tissue (6); downstream, p21-activated kinase enhances cytoskeletal remodeling and glucose uptake (73) . MYC has widespread impact on the transcriptome including regulation of cell growth arrest and adhesion, metabolism, ribosome biogenesis, protein synthesis, and mitochondrial function (17) . Examination of the upstream regulatory analysis at 240 min, coupled with the molecular functions analysis implicates STAT3 in cell cycle regulation and macrophage functionality (3), also supported by the biphasic pattern of MYC, CCND1, and early response genes including VEGF (72) . Therefore, the data suggest that one of the early responses to postexercise protein feeding in skeletal muscle is cell cycle arrest. Cytostasis may assist restoration of cell homeostasis, differentiation (e.g., macrophages), and stabilization prior to activation of the recuperative program.
Myogenic Regenerative Plasticity
By 240 min the transcriptome response to both proteinleucine doses implicated anti-inflammatory promyogenic biology. Reduced IL-6 expression and inhibited IL-6, TNF-␣, TGF-␤/SMAD, and NF-B transcriptome networks suggest progression toward muscle regeneration (67) . In murine muscle, IL-6 is an essential regulator of muscle growth involving promyogenic activation of satellite cells (61) . However, no amino acids correlated with IL-6, suggesting IL-6 expression is a secondary response downstream of primary amino acid stimuli.
The ECM (i.e., endomysium) provides a structural and signaling interface between the capillary, leukocytes, and myofiber. The overrepresented ECM networks (Fig. 1, Table 1 ), therefore, suggest protein-leucine mediates regulation of expression of the proteinaceous ECM structural and signaling interface. Other literature evidence supports a role for postexercise protein feeding in ECM turnover, for example, expression of matrix metallopeptidase and inhibitor genes (increased MMP9, MMP13, MMP19; decreased TIMP1, TIMP2) (57), which control basement membrane degradation and ECM remodeling facilitating the recruitment of myogenic, myeloid, vascular, and fibroblastic cells (36) , cytokines, growth factors (13) to damaged muscle. Plasma Lys was the top correlated amino acid with ECM-related ontology, followed by Arg, Tyr, Tau, Glu, and Asn, which, as far as we could find, represent novel associations. Implicated in ECM plasticity and tissue growth regulation, the TGF-␤/SMAD signaling pathway was predicted to be activated at 30 min by the 15LEU contrasts, but then relatively inhibited by 240 min (Table 2) . TGF-␤/SMAD signaling is an established key regulator of ECM and muscle remodeling in health and disease (2, 12) . Early SMAD pathway activation and associated upregulation of ECM component expression would normally contribute toward scar formation (29) , negatively affecting skeletal muscle regeneration by inhibiting satellite cell proliferation and myofiber fusion in adult muscle (1) . However, SMAD pathway inhibition by 240 min suggests any profibrotic response was more likely transient and guiding an impulse of ECM protein deposition (e.g., collagen, proteoglycans, laminin) in the 15LEU condition to support ECM remodeling (13) . Accordingly, the biphasic expression of CTGF and other fibrotic regulators, e.g., the proteoglycan DCN, which antagonizes TGF-␤ and IGF1, may have invoked accelerated muscle recuperation via modulating inflammatory cytokines and chemokines (10, 52) and contributed to relative dampening of protein synthesis through regulation of mTORC1 through IGF1/AKT and increased expression of other negative regulators (e.g., DDIT4).
Myocellular regeneration and adaptive plasticity also comprises proliferation of quiescent satellite cells, leading to their expression of MYOD and MYF5 and early and terminal differentiation (14, 22, 40, 77, 78) . In the current transcriptome, evidence for a role of protein-leucine feeding (vs. CON) on satellite cells and muscle regeneration was seen in the upregulated MYOD1 and MYOG networks (Fig. 1, A and B) and upstream regulatory analysis (Table 2) , and in extensive skeletal muscle growth and development functions at 30 and 240 min time points (Data Supplement 2). During proliferation, satellite cells are held inactive until differentiation initiation, at which time MYOG, MYF4, and MEF2 expression is activated to work with MYOD and MYF5 transcription factors to drive the expression of muscle-specific genes important for growth and development (22, 40, 77, 78) . Myogenin (MYOG gene) is a muscle-specific basic-helix-loop-helix (bHLH) transcription factor involved in the coordination of skeletal muscle development or myogenesis and repair (58) . The current correlation analysis revealed Glu, Met, Tau, and Thr amino acids are related to bHLH transcription factor functions (Data Supplement 5), suggesting these amino acids could be linked to myogenic signaling.
Transient regulation of NF-B (p65) signaling by proteinleucine suggests control of immune cell function, cell survival, and myogenic differentiation (4). Classical NF-B signaling responds to oxidative stress and inflammatory cytokines and causes migration of the p65 (RELA)-p50 (NF-BB1) dimers to the nucleus to regulate cyclin D1 (CCND1 gene) causing inhibition of differentiation and expression of proinflammatory cytokines IL-6, TNF-␣, and IL-1 (4). Therefore, likely inhibition of an NF-B-regulated processes, coupled with other promyogenic transcription (e.g., MYOD-activated networks) point to promyogenic program by protein-leucine. MYOD stimulates cell cycle re-entry by inducing NF-B complex relocalization from the nucleus to the cytoplasm (46) . In response to milk protein ingestion following intense cycling, Rowlands et al. (57) also reported increased expression of myogenic differentiation factors (MYOD1, MYOG). In murine skeletal muscle, increased inflammatory cell content and satellite cell activation displaying strong staining for MYOD preceded extensive myofibrillar regeneration in response to injury (79) . NF-B/RELA inhibition (240 min) may also be implicated in the organization of energy metabolism networks by controlling decreased glycolysis and increased fatty acid metabolism, consistent with decreased cell proliferation and increased differentiation functions, and metabolic adaptation by upregulation mitochondrial respiration (37) .
Meanwhile at 240 min, increased DNA damage-inducible transcript 3 [DDIT3, also known as C/EBP homologous protein (CHOP)] and DDIT4 [also known as REDD1 protein (62)] expression networks suggest integrated control muscle growth stimuli by this time point. DDIT3 protein has a central role in endoplasmic reticulum stress and DNA damage response by inducing cell cycle arrest and apoptosis (5) and may be a component of dampening myocellular anabolism (18) . The most highly positively correlated plasma amino acid concentrations with DDIT3 at 240 min included Leu, Ile, Val and Lys (r ϭ 0.72-0.69). Interferon-related developmental regulator 1 (IFRD1) was a third known inducer of muscle regeneration that was highly positively correlated with the concentration of multiple amino acids at 240 min (e.g., Leu, Ile, Val, Lys, Tau). IFRD1 is a positive cofactor of MyoD and myogenin (74) and represses the activity of NF-B (38) in mouse muscle. We also observed upregulated DDIT4 protein at both time points with 15LEU, but only with 5LEU at 240 min. DDIT4 is a suppressor of mTOR signaling pathway activity associated with positive regulation of translation initiation when activated (62) . In the current dataset, we previously reported near saturation of skeletal muscle myofibrillar protein FSR with 15LEU (55). To gain further insight, we correlated DDIT4 expression against myofibrillar protein FSR (55). Over all doses and with 15LEU the correlation was large (r ϭ 0.69; 95% CL Ϯ 0.18 and 0.66 Ϯ 0.40, respectively), whereas for CON (0.28 Ϯ 0.58) and 5LEU (0.47 Ϯ 0.51) it was unclear. No amino acids correlated with DDIT4 expression. Therefore, increased DDIT4 expression may account for dampening of protein synthesis to regulate nutritionally mediated myofibrillar remodeling but may be regulated by pathways downstream of, or unassociated with, amino acid stimuli.
Confines
It is noteworthy that the current nutrition-responsive transcriptome program occurred after normal noninjurious contractile activity in trained muscle. While probably inducing a less severe muscle inflammatory response compared with that produced by heavy eccentric exercise models (51), the current model has arguably more translational relevance. Others have shown that noninjurious contractile activity triggers an inflammatory response. Passive stretches and isometric contractions elevate neutrophils without causing injury and offer protection from damage caused by subsequent lengthening contractions (53) . Furthermore, muscle of individuals constantly training is in a state of constant remodeling, implying that trained skeletal muscle is likely to exhibit a relatively moderate inflammatory and regenerative response associated with flux between daily damage and regeneration events, which together likely define the integrated molecular program necessary for adaptive plasticity.
A second caveat of the current study is the limited time series information provided by only two muscle biopsies. Myeloid cell-associated regeneration processes responding to heavy exercise occur over several days to weeks (49, 51, 67) . Therefore, future research should consider the collection of tissue samples for several days following a bout of strenuous exercise to gain greater appreciation of nutrition-mediated recuperation processes. No pre-exercise biopsy also meant we were unable to delineate the exercise-mediated response. Inclusion of a pre-exercise biopsy was deemed unethical because subtraction of the common denominator would not have provided additional statistical nutrition dose-mediated information.
Finally, whole muscle transcriptome analysis did not permit clear interpretation of the cell type-specific gene expression. Consequently, future workers could consider in situ (e.g., cell-specific immunofluoroscopic visualization, isolated fiber) methods to quantify cell type-specific molecular responses to amino acids in regenerating skeletal muscle.
Conclusion
The current inflammo-myogenic transcriptome resembles accentuation of aspects of the classical early-phase skeletal muscle wound-healing response to normal and damaging exercise in mouse and human models (49, 51, 53, 67) . Therefore, it is reasonable to infer that postexercise hyperleucinemia supports restorative processes in trained human skeletal muscle. The amplitude and breadth of the transcriptome response were dose responsive, suggesting the quantity of ingested protein and leucine could be mechanistically instrumental in muscle recovery processes. While much remains to be learnt about the benefit, harm, accentuating, or modulating nature of inflammatory processes in skeletal muscle and the effects of amino acids thereon, the present immune-myogenic molecular programming suggests protein-leucine feeding may complement increased myofibrillar protein synthesis and turnover to support a number of tissue processes responsible for functional recovery, remodeling, and improved subsequent performance phenotype under some conditions (42, 47, 48, 60, 66) . These findings provide a platform for further research to characterize the functional dose of fed protein/amino acids on myeloid, satellite, and myofibril protein-level cellular molecular responses putatively involved in skeletal muscle regeneration and functional plasticity. 
